The small amount of power demanded by many present-day electronic devices opens up the possibility to convert part of the energy present in the environment into electrical energy, using several methods. One such method is to use piezoelectric film-bending beams inside a shoe, and use part of the mechanical energy employed during normal walking activity. This study analyzes several bending beam structures suitable for the intended application (shoe inserts and walking-type excitation) and obtains the resulting strain for each type as a function of their geometrical parameters and material properties. As a result, the optimum configuration can be selected.
INTRODUCTION
T HE trends in technology provide scope for the decrease in both size and power consumption of complex digital systems. This decrease in size and power consumption gives rise to the concept of wearable devices in which digital systems are integrated in everyday personal belongings like clothes, watches, glasses, etc. Batteries are the power source used in wearable devices. However, the disadvantage of batteries is the need to either replace or recharge them periodically. An alternative to batteries is harvesting energy from the environment (energy harvesting).
The polyvinylidene fluoride (PVDF) films have been employed (Kendall, 1998; Kymissis et al., 1998; Shenck, 1999; Shenck and Paradiso, 2001; Starner and Paradiso, 2004) to harvest electrical power from human walking activity. Roundy et al. (2004) presented a piezoelectric cantilever beam to harvest maximum electrical power available from a vibrational source. However, different structures were not compared thoroughly.
This article is an exhaustive and meticulous study of different piezoelectric beam structures. The study analyzes the advantages and disadvantages of these structures. The final application is an assembly of a piezoelectric bending beam in the insole of a shoe to convert mechanical human walking activity into electric power.
The differences between the analyzed piezoelectric beams can be grouped by shape, employed material and its position, the kind of supports, and restrictions because of the space available for the application. To calculate the average power generated by human walking activity, the average strain of the beam is obtained for each analyzed structure.
The next section presents piezoelectric constitutive equations for PVDF and analyzes the fact that in piezoelectric films, the excitation mode 31 is more efficient than mode 33. However, the force exerted by walking is in the direction 3 (z-axis). One way to circumvent this problem is to use bending beam structures to cause a stress in direction 1 when a force in direction 3 is applied. Different bending beam structures are analyzed in the subsequent two sections to select the most appropriate one for the application. Two kinds of beams are analyzed: piezoelectric homogeneous and heterogeneous bimorphs (Smits and Choi, 1991) . The piezoelectric bimorphs are made up of two piezoelectric films, one on each side of the neutral axis. These piezoelectric beams can be connected in parallel to add current, or in series to add voltage. On the other hand, heterogeneous bimorphs consist of piezoelectric elements and a non-piezoelectric element that only provides elastic function. Two types are considered within this group. The first type consists of a non-piezoelectric element sandwiched between piezoelectric films, which is called as symmetric heterogeneous bimorph. The second type is made up of one or more piezoelectric films on top of a non-piezoelectric material (Eggborn, 2003) , and it is named as asymmetric heterogeneous bimorph. The possibility of limiting the deflection of the beam to a given value in accordance with the restrictions of space and comfort of the application is also examined. The next section describes the electrical power harvested from mechanical activity for the different structures analyzed previously. A comparison of the analyzed beams and some conclusions derived from the previous analysis are also presented.
CONSTITUTIVE EQUATIONS FOR PVDF
Polyvinylidene fluoride (PVDF) is a piezoelectric polymer with mm2 crystal symmetry. Due to this fact the piezoelectric constitutive equations shown in Equation (1) are simplified to Equation (2) (Ikeda, 1990) .
There are three possible modes to use the PVDF films: 31, 32, and 33. Mode 32 is discarded since d 32 is 10 times less than d 31 or d 33 (Brown, 2002) . In mode 31, the stress is applied in direction 1, and in mode 33, the stress is applied in direction 3. The voltage and charge obtained resulting from an applied force in a certain direction, F 1 or F 3 , are shown in Table 2 .
In a thin PVDF film, the ratio L/H is on the order of 1000, while d 31 ¼ 23 Â 10 À12 m/V and d 33 ¼ À33 Â 10 À12 m/V (Measurement Specialties). If it is assumed that F 1 ¼ F 3 , then V o and q for the mode 31 will be on the order of 700 times greater than V o and q for the mode 33, as can be seen from Table 2 . Therefore, for the same mechanical energy input, more electrical energy output is obtained in mode 31 than in mode 33 when the PVDF piezoelectric films are employed. For other piezoelectric materials, mode 33 excitation can be a better solution than mode 31 if the length, width, and thickness of the piezoelectric material are similar.
A piezoelectric film placed inside a shoe as shown later, in Figure 4 , would receive a stress applied in direction 3. Therefore, a mechanical coupling is necessary to transform the stress applied in the direction 3 to a stress applied in the direction 1. This problem is solved using bending beams.
CANTILEVERS WITH LIMITED MAXIMUM DEFLECTION
There are different kinds of bending beams depending on their supports, shapes, position of the applied point load or distributed load, etc. (Beer and Johnston, 1993 ; Table 1 . Subscripts reduced notation for piezoelectric constitutive equations of piezoelectric materials.
Reduced notation
Corresponding direction of axes Table 2 . Voltage, V o , and charge, q, obtained in the plane perpendicular to direction 3 applying a mechanical stress in direction 1, mode 31, and in direction 3, mode 33. g is the piezo stress constant ((m/m)/(C/m 2 )) and is defined as g ¼ d/e. Senturia, 2001; Young, 2002; Yee, 2003) . Moreover, beams can have one or multiple layers of different types of materials. For usual values of the forces applied, the calculated maximum deflection is greater than the height available between the beam and the insole of the shoe. Therefore, the assembly conditions limit the maximum attainable deflection. The first subsection analyzes the relationship between average strain and maximum deflection for homogeneous cantilevers with an applied point load at x ¼ L whereas the next subsection analyzes the case for heterogeneous cantilevers.
Triangular versus Rectangular Homogeneous Cantilever
The beam that offers the maximum average strain for a given applied force, F, is the cantilever. The average strain for a homogeneous beam, Figure 1 , with any type of support employed is given by Equation (4) and it is defined as net strain along axis 1 (length), x, and axis 3 (thickness), z.
where (x) is the radius of curvature of the bending beam. Equation (4) corresponds to the average strain of a homogeneous bimorph with a thickness of t c /2. If the two piezo films shown in Figure 1 are connected in parallel, the charge generated by the strain of both the films must be added. For a series connection, the charge generated corresponds to the strain of one of the films, and the voltage of both the films is added. Figures 2 and 3 show how to connect both the films in series or parallel depending on the poling axis orientation of each piezoelectric film as it is being tensed or compressed.
If the cantilever is triangular (Kendall, 1998) , its width varies as expressed in Equation (5),
where W 0 is the base of the triangle and L is the length of the beam and the height of the triangle. Table 3 shows the average strain, S x , for one of the two films in a bimorph as shown in Figure 1 , the deflection in function of position, y(x), and the maximum deflection, y max , of the cantilever beam. Maximum deflection of the cantilever beam occurs when x ¼ L.
In the case of a triangular cantilever, the radius of curvature of the cantilever is constant along its length, which implies that the strain along the direction x is also constant.
As can be seen in these expressions, the cantilever with a triangular shape suffers more strain than a cantilever with a rectangular shape for identical load. The rectangular cantilever average strain is 75% of the triangular cantilever average strain, expressed as a function of its maximum deflection. The maximum deflection is also greater for the triangular cantilever structure. Therefore, a triangular cantilever would be preferred for a shoe insert, as was pointed out in Shenck (1999) . A mechanical device must be placed inside the shoe at x ¼ L to apply all the stress generated by human walking activity.
It should be noted that in a practical implementation, the usual force applied by normal walking activity would give a value of y max well in excess of that of a comfortable cavity depth. Therefore, the maximum deflection is actually limited by the cavity depth, D, as shown in Figure 4 . The value of D for a practical shoe insert is of the order of a few millimeters, and such a small deflection ensures that the linear analysis applied in this study can be considered valid.
Triangular Heterogeneous Cantilever
The maximum strain in a beam takes place at its surface, at z ¼ t c /2 and z ¼ Àt c /2. One way to increase the average strain for the piezoelectric film, and therefore, the harvested power, is to increase the beam thickness. This can be done keeping the same amount of piezoelectric material by using heterogeneous bimorphs composed of non-piezoelectric films and piezoelectric films as shown in Figures 5 and 6 .
The neutral axis for a composite beam is calculated with the general expression of Equation (6).
where n is the number of layers of different materials, z i is the height for layer i, Y i is the Young's modulus for layer i, Y r is the Young's modulus for layer r, and A i is the area of cross section for layer i. Figure 5 (Eggborn, 2003) shows a symmetric heterogeneous bimorph whereas Figure 6 shows an asymmetric heterogeneous bimorph. In both the structures, the respective dimensions of piezoelectric film and nonpiezoelectric film are the same. Table 4 shows the average strain, S x , deflection in the function of the position x, maximum deflection, y max , and the position of the neutral axis, z s , of the triangular cantilever. It is assumed, as explained in the previous section, that the maximum deflection is limited by the cavity depth, D. The expression for y max corresponds to an unrestricted deflection, and is also given here for completeness.
From the expressions in Table 4 , it is seen that the symmetric heterogeneous bimorph is independent of Young's modulus whereas the asymmetric heterogeneous bimorph is dependent of Y c and Y s , as also shown in Figure 7 . Both the heterogeneous cantilevers provide a greater average strain than a homogeneous configuration, and the relationship depends on the Table 3 . Average strain, S x , deflection, y(x), and maximum deflection, y max , for triangular cantilever and rectangular cantilever, where t c is the thickness, W 0 is the width of the rectangular beam and the base of the triangular beam, F is the point load applied at x ¼ L and Y c is the Young's modulus of the beam.
Triangular cantilever
Rectangular cantilever thickness of the non-piezoelectric material. Figure 8 shows the dependence of the relative strain to the homogeneous cantilever with relative thickness of the non-piezoelectric to the piezoelectric films. It is seen how for large t s /t c , the strain is much larger than the homogeneous cantilever, and the influence of the relative Young's modulus is smaller. In both these figures, it is assumed that the maximum deflection is limited by the same amount, D in all the structures. It is to be noted that the strain in Figures 7 and 8 for the symmetric configuration corresponds to one of the films, and this strain is similar in magnitude to the whole piezoelectric film of the asymmetric configuration, with double the thickness. This means that by using a symmetric heterogeneous cantilever with both the films connected in parallel, we obtain approximately double the charge than with an asymmetric configuration. On the other hand, the asymmetric bimorph structure is the only one that allows the use of a single piezoelectric film. Therefore, its connection is the simplest possible, and this offers a certain advantage with respect to symmetric bimorph structures, in spite of its smaller charge generation capability.
SIMPLY SUPPORTED BEAM

Point Load
A simply supported beam has a pinned support on each end of the beam. Table 5 shows the average strain, S x , deflection in the function of the position x, y(x), and maximum deflection, y max , of the simply supported beam with a point load F located at x ¼ L/2 to obtain the maximum deflection possible with these supports. Table 6 shows the average strain, S x , maximum deflection, y max , and the location of the neutral axis, z s , for a homogeneous bimorph, a symmetric heterogeneous bimorph, and an asymmetric heterogeneous bimorph simply supported beams with a point load F located at x ¼ L/2. As in Table 4 , S x is put in function of cavity depth, D.
Distributed Load
Another type of loading for the simply supported beam is a distributed load, as shown in Figure 9 . To calculate the strain of this structure, we consider the case of a limited maximum deflection, to be equivalent to two cantilever-type deflections. The part of the foot that is in contact with the piezoelectric material causes a distributed load q. This part of the foot acts as a fixed support for each half of the beam, while the pinned support is equivalent to a force that acts over the equivalent cantilever to deflect it. In these two equivalent cantilevers, we assume that the part of their 
Optimum Piezoelectric Bending Beam Structures for Energy Harvesting length under the mass (L m /2) is not deflected. The rest of the length, L 0 ¼ (L À L m )/2 is deflected as shown in Figure 10 .
The total strain for the simply supported beam with distributed load can be then calculated as the addition of the strains of both the equivalent cantilevers. The results are shown in Table 7 . Figure 11 shows the average strain for the different types of support analyzed here, as a function of the mass length of the distributed load, L m . It can be seen that the Figure 7 . Average strain relative to the homogeneous cantilever for asymmetric and symmetric heterogeneous bimorph triangular cantilevers, and for two values of t s /t c : 5 and 10. The symmetric cantilever strain corresponds to one of the two films, with thickness half of that of the asymmetric cantilever. Figure 8 . Average strain relative to the homogeneous cantilever for asymmetric and symmetric heterogeneous bimorph triangular cantilevers, and for two values of Y s /Y c : 1 and 4. The symmetric cantilever strain corresponds to one of the two films, with thickness half of that of the asymmetric cantilever.
case of distributed load always presents a larger average strain than the other cases.
ELECTRICAL POWER HARVESTED
After studying the mechanical properties of the different structures, this section analyzes the power generated by the piezoelectric elements. A simplified approach is used for calculation of power, following (Kendall, 1998) . Consider a resistor connected between the terminals of the piezoelectric films. The excitation is assumed to be sinusoidal. While this assumption is only approximate, it can be useful to compare the different structures. A more realistic power calculation providing the excitation corresponding to walking activity is still under study.
The dissipated power on the load resistor is expressed by Equation (7) for a piezoelectric beam with area A, capacitance C eq (which depends on the film dimensions as well as their connection), average strain S x , under a sinusoidal mechanical excitation of angular frequency !, that gives rise to a sinusoidal voltage waveform with amplitude |V p |. This expression has a maximum when Equation (8) is verified, corresponding to a resistor matching the internal impedance of the piezoelectric film. Equation (9) expresses this value of the maximum average power as a function of C eq .
We now compare the different structures analyzed previously, calculating the different magnitudes that are part of Equation (9). First, the area A can be calculated as the area of one piezoelectric film Table 6 . Equations of average strain, S x , maximum deflection, y max , and neutral axis position, z s . The simply supported beam analyzed has rectangular base.
Homogeneous bimorph Symmetric heterogeneous bimorph
Asymmetric heterogeneous bimorph Table 5 . Average strain, S x , deflection, y(x), and maximum deflection, y max , for a simply supported beam where t c is the thickness, W 0 is the width for rectangular beam, F is the point load applied at x ¼ L and Y is the Young's modulus of the beam.
Simply supported beam
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Capacitance C eq is the equivalent capacitance for the connection made with the piezoelectric films employed. The piezoelectric films for the homogeneous and symmetric structures, each of thickness t c /2, can be wired in series or in parallel. The resulting capacitance can be expressed as a parameter c, such that c ¼ 1 corresponds to a series connection, while c ¼ 2 corresponds to a parallel connection, as illustrated earlier. Table 8 shows the resulting expressions for equivalent capacitance as a function of their connection type. Table 9 shows the relationship between the connection (parameter c) of homogeneous and symmetric heterogeneous bimorph piezoelectric films, and the generated charge and voltage.
The strain results from previous sections are substituted into Equation (9) to obtain the maximum power obtainable from the different structures analyzed in this article, shown in the equations of Tables 10-12. Figure 9 . Simply supported beam with a limited maximum deflection. The beam with a length L is deflected by a distributed load q along L m and causes a deflection enough to cause a contact between the beam beneath the mass and the insole of the shoe. Figure 10 . Cantilever of length L 0 with a point load, F, at x ¼ L 0 . F is the force reaction of the support A and B that produces an equivalent deflection, D, to that produced by the distributed load, q, in the simply supported beam of Figure 9 .
From equations given in Tables 10-12, the appropriate dimensions of the structure and its elastic and piezoelectric properties can be derived. A small length and a large width and thickness is recommended. The most suitable PVDF film would be the one with large Young's modulus, Y c , and piezo strain constant, d 31 , but with small permittivity, ". Moreover, the maximum average power depends linearly on the walking frequency and the limited height D.
COMPARISON OF STRUCTURES
A detailed analysis of several structures suitable for shoe inserts was presented in the previous sections. In summary, the structures considered can be classified according to two properties. One of them is the vertical structure (homogeneous bimorph, and symmetric or asymmetric heterogeneous bimorph). The second property is the kind of support: cantilever with a triangular horizontal shape for maximum efficiency, and simple support at both the ends, either with a point load, or a distributed load.
From the expressions obtained and shown in Tables 3-12, it can be observed that the relationship between vertical structures for strain and power is always the same, independent of the kind of support used. This relationship is shown in Table 13 , as a function of S 1 and P 1 the strain and power of the homogeneous bimorph structure. This relationship can be graphically observed in Figure 12 , as a function of non-dimensional magnitudes t s /t c and Y s /Y c . From this figure, it can be concluded that the most efficient vertical structure is the asymmetric heterogeneous bimorph with a large value of Y s /Y c .
Similarly, the relation of strain and power between the three kinds of support is also independent of vertical structure, as shown in Table 14 . It is seen from this table that the most efficient support is in general the simply supported beam with distributed load. Therefore, the optimum selection for the piezoelectric inserts studied is the asymmetric heterogeneous bimorph with a simply supported beam with distributed load. Higher the ratio (Y s /Y c ), better will be the average generated power. Table 10 . Maximum average power for triangular cantilever with point load applied at x ¼ L. 
CONCLUSIONS
In this study it was analytically shown how to construct an optimum beam-type shoe insert in terms of its vertical structure and the kind of support to use. In this analysis it was taken into account that under normal walking type excitation, the force exerted on the insert is strong enough, given the usual piezoelectric film elastic properties, to cause a deflection limited by the shoe cavity dimensions where the insert is to be placed. Therefore, the cavity dimension is also a factor to consider. From the linear analysis performed, it can be concluded that deeper the cavity, better is the benefit. Other factors as walking comfort or facility of construction should also be evaluated.
The conclusions presented can be useful guides in the construction of a prototype, which must validate this analysis experimentally. A detailed evaluation of the harvested energy as a function of the usual gait excitation is necessary. 
